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INTRODUCTION
The marine bacterium Rhodovulum sulfidophilum is a purple phototrophic alpha-proteobacterium. It can grow by either anoxygenic photosynthesis or respiration with different organic compounds as electron donors and carbon sources. This bacterium was originally isolated from the marine floor and named Rhodopseudomonas sulfidophila (Hansen and Veldkamp 1973) . When the new genus Rhodobacter was created (Imhoff, Trüper and Pfennig 1984) , the name of this bacterium was changed to Rhodobacter sulfidophilus. In 1994, Hiraishi and Ueda found that all marine Rhodobacter species have characteristics that are distinct from the freshwater Rhodobacter species, based on DNA-DNA hybridization and 16S ribosomal DNA sequence analyses. From these results, they proposed the new genus Rhodovulum for all the marine Rhodobacter and Rhodovulum sulfidophilum is now the type species of this genus (Hiraishi and Ueda 1994) .
Rhodovulum sulfidophilum is a Gram-negative bacterium and cells grow by binary fission under anaerobic conditions in the light or under aerobic conditions in the dark. The complete genome sequence of Rdv. sulfidophilum DSM 2351 (Nagao et al. 2015a ) and the whole-genome sequence of strain DSM 1374 (Masuda et al. 2013 ) have been determined. Draft genome sequences of three other strains (AB14, AB26 and AB30) were also recently reported (Guzman et al. 2017) . The strain DSM 2351 has a circular chromosome of 4454 432 bp and three circular plasmids: plasmid 1 with 111 306 bp, plasmid 2 with 106 137 bp and plasmid 3 with 60 897 bp (Nagao et al. 2015a) . The DSM 1374 strain seems to have a circular chromosome of 4130 470 bp and two circular plasmids: plasmid 1 with 113 621 bp and plasmid 2 with 102 113 bp (Masuda et al. 2013) .
Rhodovulum sulfidophilum is also known to produce extracellular nucleic acids in soluble form in culture media (Ando et al. 2006; Suzuki et al. 2009a; Kikuchi 2010) . Using this property, we recently developed a method for extracellular production of homogeneous recombinant RNA molecules, such as artificial RNA aptamers and short hairpin RNAs (Suzuki et al. , 2011 Nagao et al. 2014) .
In this review, we describe the phenomena and genetics of the extracellular nucleic acids of this bacterium. In addition, application of the bacterium to the production of artificial RNAs will be described. Furthermore and related to these topics, we introduce recombinant RNA production technology using Escherichia coli.
FLOCCULATION AND EXTRACELLULAR NUCLEIC ACID PRODUCTION IN RHODOVULUM SULFIDOPHILUM

Flocculation
Bacterial flocs are structured communities of cells, increasing the likelihood of sedimentation (Butterfield 1935) . Rhodovulum sulfidophilum has flocculation ability. In 2009 we found that flocs of this bacterium were degraded by DNase or RNase (Suzuki et al. 2009a) . This indicated that extracellular nucleic acids function as cell-to-cell interconnecting materials for this bacterium. In addition to the extracellular nucleic acids in the floc, it had long since been known that this bacterium produces another type of extracellular nucleic acid in soluble form in the culture medium, depending on the cultivation conditions (Ando et al. 2006; Suzuki et al. 2009a) . The terms 'soluble forms' and 'extracellular soluble nucleic acids' are used here for the free nucleic acids present in the culture supernatant but not bound to any cells, vesicles or particles. The relationship between the extracellular nucleic acids in flocs and the soluble ones in culture supernatants has been elucidated. We found that floc formation and the production of extracellular soluble nucleic acids by this bacterium are strongly influenced by the medium conditions (Suzuki et al. 2009a) . Two different media, M5-M and MB-M, were used for cultivation. M5-M contains 0.5% sodium malate, 0.1% ammonium sulfate, 2% sodium chloride, 1% basal salt solution, 0.1% vitamin solution, and 20 mM sodium phosphate (pH 7.0). The composition of MB-M was the same as that of M5-M except that 0.05% yeast extract was added. As only MB-M contains yeast extract, which is nutritionally rich, MB-M and M5-M are called rich and poor media, respectively (Suzuki et al. 2009a) . The bacterium was cultivated under anaerobic conditions in the light at 25
• C (Suzuki et al. 2009a) . Photographs of the cultivation tubes of poor and rich media are shown in Fig. 1 . We quantified flocculation (%) by comparison of cell mass in the top-half and bottom-half fractions in the tube (Suzuki et al. 2009a) . To obtain the two fractions, the cultivation tube is first gently shaken. The culture is left to stand for 5 min and then divided into the upper fraction (top half) and the lower fraction (bottom half). The protein concentrations of the fractions are used as the cell mass. Flocculation (F) is calculated as follows:
where C LP and C UP are the amount of protein in the lower and upper fractions, respectively, and C TP is the amount of total protein (C LP + C UP ). When the poor medium (M5-M) was used, flocculation (F value) rapidly increased to 80% after 40 h of cultivation and the floc was retained until 120 h of cultivation (for precise quantitative data, see Suzuki et al. 2009a) . Flocculated cells are observed only at the bottom of the cultivation tubes (Fig. 1A) and huge flocs are observed by microscopy (Fig. 1C) . When rich medium (MB-M) was used, however, almost no flocculation (F = 0-10%) was observed during the 120-h cultivation period (see Suzuki et al. 2009a and Fig. 1B) . Although chain-like small assembly of cells is observed microscopically in rich medium (Fig. 1D ), these cells do not show fast sedimentation (Fig. 1B) .
In contrast to this result, extracellular soluble DNA production had an inverse relation with flocculation. The concentration of the extracellular soluble DNA produced at 120 h in the culture supernatant was 1.4 μg mL −1 in the rich medium but only 0.2 μg mL −1 in the poor medium. These values of extracellular soluble DNA were determined by fluorescent photometry using SYBR Green II by Typhoon 9400 and Image Quant TL (GE Healthcare Japan, Tokyo) as described (Suzuki et al. 2009a) . It seems likely that the DNA, which plays a role in floc maintenance as a cell-tocell interconnecting material in the poor medium, was released into culture supernatant in the rich medium. This speculation is supported by another experiment. Floc maintenance is inhibited by α-cyclodextrin, which is known as a quorum-sensing inhibitor. Cyclodextrins form complexes with a quorum-sensing autoinducer, acylated homoserine lactone. In the presence of 10 mM α-cyclodextrin in the poor medium, normal floc formation occurred during the initial 50 h of cultivation, but the floc rapidly degraded after 60 h of cultivation and no floc was observed at 90 h, although the floc formed in the poor medium was usually retained for more than the 120 h, as described above. During the degradation of floc, extracellular soluble DNA production concomitantly increased. These results indicate that extracellular soluble DNA may be incorporated into the floc when a floc forms but is reversibly released into the culture supernatant when a floc degrades; however, the flocculation mechanism is not well elucidated. Also, floc-associated nucleic acids (possible extracellular 'insoluble' nucleic acids) are not well characterized because it is currently difficult to purify this nucleic acid fraction.
Characterization of extracellular nucleic acids
Characteristics of the extracellular soluble nucleic acids of this bacterium have been reported (Ando et al. 2006; Suzuki et al. 2009a) . Direct sequencing of extracellular soluble RNAs and Southern blotting analysis of whole intracellular and extracellular soluble DNAs led to the conclusion that the extracellular soluble RNAs and DNA are the same as their intracellular counterparts. Since it is difficult to completely remove floc-associated RNAs as described above, the RNA preparation we call 'intracellular' here may contain some floc-associated 'extracellular' RNAs. In the case of RNAs, all extracellular soluble RNAs we sequenced were the usual cellular ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs). In addition, the ratios of modified bases in RNAs were the same between the intracellular and extracellular soluble RNAs (Ando et al. 2006) . In the case of DNA, we first carefully prepared genomic DNA and digested it by rare cutter restriction enzymes. The resulting large DNA fragments were separated by pulsed field gel electrophoresis and Southern blotting analysis was performed using DIG-labeled extracellular soluble DNAs as probes. Almost all large DNA fragments on the filter were stained by these probes (Suzuki et al. 2009a) . From these experiments, it seems likely that the extracellular soluble nucleic acids may be produced by lysis of a subpopulation of the bacteria (see also the next section). These results were mainly obtained from Rdv. sulfidophilum DSM 2351, but similar tendencies were also observed in other strains of Rdv. sulfidophilum.
GENE TRANSFER AGENTS AND THE EXTRACELLULAR NUCLEIC ACID PRODUCTION MECHANISM
Gene transfer agents
To elucidate the mechanism of extracellular nucleic acid production, studies on the particles produced from the cells, such as phages, gene transfer agents (GTAs) (reviewed by Beatty 2007, 2010) and recently emerged outer membrane vesicles (reviewed by Jan 2017), may be important clues. In Rhodobacter capsulatus, which is closely related to Rdv. sulfidophilum, it has been reported that GTA production processes include a step of bacterial cell lysis (Fogg, Westbye and Beatty 2012) . This is a hint to elucidate the extracellular nucleic acid production mechanism.
GTAs are shaped like bacteriophage particles but are different from bacteriophages in many respects. GTA particles do not have their own genome but, rather, they have short DNA fragments randomly cut from the host genome. These DNA fragments are used for genetic exchange between host cells by a mechanism similar to phage-mediated generalized transduction. The structural genes of GTAs are present in the host bacterial genome; this is similar to the prophage gene of lysogen but the GTAs are not inducible by mitomycin C (Marrs 1974 ) and do not form plaques (Solioz and Marrs 1977) . The expression of GTAs is controlled by cellular regulatory systems and GTAs function as the gene transfer apparatus for host cells (Schaefer et al. 2002; Brimacombe et al. 2013) . Thus, GTAs play a role in lateral gene transfer in nature and may affect the evolution of prokaryotic genomes. GTAs were first discovered in Rba. capsulatus (basionym Rhodopseudomonas capsulata) in 1974 (Marrs) . In many other species of bacteria, however, clusters of genes homologous to the Rba. capsulatus GTA (RcGTA) structural genes have been found by present-day genome-sequencing projects (reviewed by Lang and Beatty 2007) .
In the course of studies on the mechanism underlying extracellular nucleic acid production in Rdv. sulfidophilum, we hypothesized that the extracellular soluble nucleic acids of this bacterium may be by-products from cells lysed by GTA production. We tested whether GTAs are produced by Rdv. sulfidophilum. GTA-like particles were found in Rdv. sulfidophilum cultures by direct observation using transmission electron microscopy (Nagao et al. 2015b). The particle resembles a tailed phage and has a head diameter of 40 nm and a tail length of 60 nm. The particle is similar to but a little larger than an RcGTA particle. The head and tail of RcGTA were reported to be 30 nm and 50 nm, respectively (Yen, Hu and Marrs 1979) . Biochemical data supporting the presence of the GTA-like particles were also obtained. The particles contain DNA fragments uniformly and approximately 4.5 kb in size. The DNAs are randomly fragmented genomic DNAs from the bacterium.
The structural genes of the GTA-like particles were also identified in the Rdv. sulfidophilum genome (Masuda et al. 2013; Nagao et al. 2015b) . One cluster of genes homologous to the RcGTA structural genes has been found and the position of the cluster is 1923 465−1937 125 in the chromosome of Rdv. sulfidophilum strain DSM 1374. The RcGTA gene cluster has 15 ORFs named orfg1−orfg15. The genome of Rdv. sulfidophilum DSM 1374 contains homologs of orfg2−orfg15 but a homolog of orfg1 is lacking, although an ORF is present at the corresponding position. Despite the similarity of ORF organization between two bacteria, the amino acid sequence homology of the ORFs is not high. The identities of orfg2−orfg15 between the two bacteria are from 51.4 to 73.7%. The difference in GTA particle sizes between these two bacteria may be attributed to differences in amino acid sequence.
As described above, the particles from Rdv. sulfidophilum seemed to fulfill almost all the requirements for being GTAs, but, currently, the particles do not meet one of the most important requirements, the gene transfer activity. The gene transfer activity of these particles has not yet been confirmed. Therefore, the particles of Rdv. sulfidophilum are termed GTA-like particles. The most important point of this section, however, is the discovery of GTA-like particle production by Rdv. sulfidophilum. Fogg, Westbye and Beatty (2012) reported that RcGTA particles are released from a host cell during a lytic event and that RcGTA is expressed in a very small subpopulation of cells (0.15% of the total cells) in wild type Rba. capsulatus strain SB1003. These results explain why GTAs do not form plaques despite cell lysis during GTA production. It is possible that the extracellular soluble nucleic acids of Rdv. sulfidophilum are produced by a lytic event concomitant with the production of GTA-like particles. As it is thought that not all nucleic acids in the cell are incorporated in GTA-like particles, excess fraction of nucleic acids may be released from the lysed cell as the free extracellular soluble nucleic acids. In fact, it has been reported that intracellularly expressed protein is released with DNA and RNA from the cells of Rdv. sulfidophilum (Suzuki et al. 2009a) . Currently, it is reasonable to speculate that the extracellular soluble nucleic acids of Rdv. sulfidophilum are produced by the lysis of a subpopulation of the cells.
Involvement of cell cycle transcriptional regulator A (CtrA) in extracellular nucleic acid production
The response regulator CtrA has been reported to be necessary for expression of the GTAs of Rba. capsulatus (Lang and Beatty 2000) . CtrA, which was first found in the bacterium Caulobacter crescentus, is an essential two-component signal transduction protein (Quon, Marczynski and Shapiro 1996) . In C. crescentus, CtrA is essential for viability and acts as a master regulator of the cell cycle (reviewed by Skerker and Laub 2004) . CtrA of Rba. capsulatus, however, is not essential and is not involved in the cell cycle (Mercer et al. 2010) .
We constructed a ctrA-deficient mutant of Rdv. sulfidophilum DSM 1374 and showed that the mutant lost the ability to produce GTA-like particles (Komatsu et al. 2018) . In addition, the mutant also showed a significant decrease in the amount of extracellular soluble nucleic acids. The amounts of extracellular soluble DNA and RNA in the mutant were less than one-half of those of the wild type. Reversibly, by introduction of a plasmid containing the wild type CtrA gene into the mutant, the amount of extracellular soluble DNA produced was recovered. Thus, extracellular soluble nucleic acid production is linked to GTA-like particle production. This is consistent with extracellular soluble nucleic acid production being due to cell lysis, concomitant with the production of GTA-like particles.
PRODUCTION OF RECOMBINANT RNAs USING BACTERIA
Importance of recombinant RNA production
In the past two decades, RNAs have become key players in biology and medicine (Nellen and Hammann 2005; Castanotto and Rossi 2009). Naturally occurring microRNAs, synthetic small interfering RNAs (siRNAs), double-stranded RNAs, short hairpin RNAs and ribozymes act as regulators of gene expression. In addition, RNA aptamers function as biologically active molecules and have the ability to bind specifically to a defined target molecule (Que-Gewirth and Sullenger 2007). All these RNAs are potential RNA drug candidates. In these circumstances, procedures are required that permit the efficient production of homogeneous RNA molecules. Currently, these RNAs are mainly obtained by in vitro transcription (Milligan et al. 1987) or chemical synthesis (Marshall and Kaiser 2004) . However, these methods are expensive, labor intensive, and, above all, not suitable for producing large quantities. For large-scale RNA production, microbial in vivo techniques appear to be the most suitable approach.
Production of recombinant RNAs by Rdv. sulfidophilum
As described in the previous section, Rdv. sulfidophilum produces DNA and RNA extracellularly in nature. We developed an extracellular production method for recombinant RNAs using the genetically manipulated bacterium (Suzuki et al. , 2011 Kikuchi, Suzuki and Umekage 2010; Nagao et al. 2014) .
Another advantage of Rdv. sulfidophilum for RNA production is that this bacterium has almost no detectable ribonucleases both inside and outside of cells . The extracellular tRNAs released into the culture medium of Rdv. sulfidophilum retain mature non-aminoacylated 3 -terminal CCA sequences, although these sequences are usually very susceptible to ubiquitous exonucleases (Suzuki et al. 2009b) . Therefore, this bacterium seems highly suitable for the extracellular production of artificial RNA. For this purpose, we used Rdv. sulfidophilum strain DSM 1374, since genetic engineering methods are already well established for the field of photosynthesis (Masuda et al. 1999) . A conceptual scheme for the proposed production of functional artificial RNAs is shown in Fig. 2 . First, we developed a method for the extracellular production of an RNA aptamer . A streptavidin-binding RNA aptamer was selected as the active RNA product model. This artificial RNA has the ability to bind specifically to streptavidin (Srisawat and Engelke 2001) . We constructed a plasmid to produce the streptavidin RNA aptamer directly in the culture medium by Rdv. sulfidophilum. The aptamer sequence is flanked on both sides by self-cleaving hammerhead ribozyme sequences, sequences originally derived from plant virusoids (Forster and Symons 1987) . During virusoid maturation, selfcleavage of the precursor RNA of a virusoid is an indispensable step and occurs at a specific site in the RNA sequence without the involvement of any catalytic enzymes. The resulting artificial gene was designed to be transcribed from the ribosomal RNA promoter to the puf terminator of Rdv. sulfidophilum and provide the mature-sized streptavidin RNA aptamer by the self-processing activity of the hammerhead ribozymes on both ends of the primary transcript. The product could be recovered from the culture supernatant by ordinary RNA purification techniques. The artificial RNA produced by this bacterium retained its specific ability to bind to streptavidin. This was the first demonstration of the extracellular production of a functional artificial RNA in vivo .
Shortly afterward, we improved the ribosomal RNA promoter in order to keep the activity during the whole cultivation period, since the wild type ribosomal RNA promoter does not work well especially at the stationary phase of cultivation (Suzuki et al. 2011) . Using this improved promoter and a new vector plasmid, pBHSR1-RM [originating from the broad-host-range plasmid pBHR1 (purchased from MoBiTec, Göttingen, Germany)], the product concentration achieved in the culture medium was approximately 200 ng L −1 , whereas that using the wild type promoter was 45 ng L −1 . In 2014, we further reported that this system can produce another artificial RNA, the short hairpin RNA (shRNA) (Nagao et al. 2014) . The shRNAs were reported to be more potent inducers of gene silencing than siRNAs (Siolas et al. 2005) . In the in vivo production with Rdv. sulfidophilum, we were initially concerned that the shRNA has a long stem-loop structure, which is thought to interfere with transcription in bacterial cells. The shRNA designed had a microRNA-like secondary structure and targeted the firefly luciferase gene. The shRNA was successfully produced extracellularly by this system. Another shRNA with a perfect hairpin structure could also be produced. The yields of both the shRNAs were almost the same as that of the streptavidin RNA aptamer (Nagao et al. 2014) .
Future prospects of the method
In this system, the RNA product was released to the culture medium. This system makes it possible to develop a continuous process that does not require harvesting and disruption of cells for preparation of the product by the conventional method (Chomczynski and Sacchi 1987) . Currently, however, the yield of the extracellular RNA product is 200 ng L −1 of culture supernatant, although the concentration is 20 μg L −1 inside the cells.
This amount is not suitable even for laboratory use. Different attempts to improve the yield have been performed including modifications of the transcriptional promoter, the copy number of the vector, and the cultivation conditions. The most promising approach may be up-regulation of the amount of total extracellular nucleic acids by genetic methods. Recently, Pereira et al. (2016) reported results using the same system as that used in our study. With the same vector, pBHSR1-RM (Suzuki et al. 2011) , and the host Rdv. sulfidophilum, the authors reported that extracellular human pre-miR-29b (mir-29 microRNA precursor b) reached a concentration of about 182 μg L −1 after 40 h of cultivation and that the total intracellular pre-miR-29b was approximately 358 μg L −1 at 32 h of cultivation. This yield of extracellular product was almost 1000-fold higher than the yield obtained in our study. The cultivation conditions were slightly different from the conditions used in our laboratory. However, by varying them and even reproducing the reported protocols (Pereira et al. 2016) we never reached 1000-fold higher than our original yield value, which is likely to be more realistic. There may be several reasons for the discrepancy, including difference of target products and the method used for yield calculation. They used 40 cycles for quantitative RT-PCR. This cycle number seems to be too many to obtain proper quantification of the RNA product. Also, the authors obtained a product that seemed to have a size of about 120 bases in the gel-electrophoretic analysis (Pereira et al. 2016) , although the product should have to be 103 bases. Thus, there is a possibility that the sample was contaminated with 5S rRNA and direct RNA sequencing or northern blot analysis is required to prove the higher yield production. Pereira et al. (2017) also stated that the E. coli harboring the pBHSR1-RM-based plasmid containing the human pre-miR-29b sequence can produce human pre-miR-29b. Although our plasmid pBHSR1-RM is, of course, a shuttle vector and acts as a plasmid in E. coli, this statement is doubtful because the promoter for human pre-miR-29b is a modified Rdv. sulfidophilum promoter, which is thought to be inefficient in E. coli. Even if, due to evolutionary conservatism in the transcription machinery, a small number of human premiR-29b transcripts can be produced in E. coli from the plasmid, it is unlikely that this would be sufficient to produce a significant amount of the linear RNA product. It is quite clear that the data obtained by RT-PCR should be carefully checked using different approaches.
Ideas for the improvement of this method using Rdv. sulfidophilum are also described in the following section.
Production of recombinant RNAs by E. coli
The previous section described extracellular functional RNA production using Rdv. sulfidophilum, but, from the point of view of the yield, E. coli RNA expression is still a powerful tool for recombinant RNA production.
Since RNA is susceptible to nuclease attack, protection of expressed recombinant RNA is critical for intracellular recombinant RNA expression. There have been mainly three strategies for protecting the expressed functional recombinant RNA in vivo: one is the permuted intron-exon method, which produces recombinant circular RNA that can escape from exonuclease attack (Puttaraju and Been 1992) ; the second is the tRNA scaffold technique, which mimics the tRNA-like structure Dardel 2007, 2011; Ponchon et al. 2009) ; and the third is co-expression of an RNA-binding protein, p19, to form an RNAprotein complex (Huang et al. 2013) (Fig. 3) . A short summary of each method is described below.
The permuted intron-exon (PIE) method
The PIE method is based on the spontaneous trans-esterification activity of the group I intron self-splicing mechanism (Puttaraju and Been 1992) . In this method, a self-splicing group I intron, such as the td intron of phage T4, with an exon sequence at both ends, is circularly permuted. This is designated as the PIE sequence. After transcription of the PIE sequence, the exon sequence is circularized by the self-splicing activity of the group I intron when the intron sequence is folded into the proper tertiary structure to exert its self-splicing activity. Since this circularization activity occurs depending on the ribozyme activity of the intron sequence (Fig. 4) , any exon sequence, in principle, can be circularized by this method. So far, several functional RNAs and mRNAs are shown to be circularized (Puttaraju and Been 1992 , 1995 Puttaraju, Perrotta and Been 1993; Perriman and Ares 1998; Kikuchi 2007, 2009a,b; Umekage et al. 2012) both in vitro and in vivo. We used a high-expression constitutive lipoprotein promoter and succeeded in producing a submilligram amount of circular RNA in E. coli (Umekage et al. 2012) . This yield for circular RNA production is currently the highest on record. Since the PIE method is based on self-splicing activity, it does not require any endogenous protein component for circularization. This method, in principle, can also be applicable to any species in which the PIE sequence can be transcribed. We also succeeded in extracellular circular RNA expression in Rdv. sulfidophilum (S. Umekage and Y. Kikuchi, unpublished results).
The tRNA scaffold method
The tRNA scaffold technique is a camouflage strategy that partially mimics the tRNA structure Dardel 2007, 2011; Ponchon et al. 2009 ). The RNA sequence of interest is placed at the anticodon stem-loop to form a chimeric tRNA-like Lshaped structure, in which the top-half region of the tRNA is maintained (see Fig. 3B ). This scaffold acts as a protective armor against nuclease attack and, thus, the expressed recombinant chimeric RNA is stable in intracellular conditions. Several functional RNAs, such as aptamers, microRNAs or siRNAs (Nelissen et al. 2012; Li et al. 2014) were shown to be produced in E. coli and milligram-scale production has been successful using the constitutive lipoprotein promoter Dardel 2007, 2011; Ponchon et al. 2009 ). In addition, this tRNA chimera and the endogenous tRNA can be separated, using an anion exchange column, from the total RNA fraction and the tRNA scaffold region can be removed by RNaseH digestion Dardel 2007, 2011; Ponchon et al. 2009 ).
Co-expression of an RNA-binding protein p19 is an siRNA-binding protein found in a plant RNA virus (Silhavy et al. 2002; Ye, Malinina and Patel 2003) . This protein binds to siRNA with a high affinity and inhibits internal RNA silencing pathways. Utilizing this unique feature of p19, recombinant hairpin RNA expression with co-expression of His-tagged p19 was developed (Huang et al. 2013) . Expressed long-hairpin RNA is chopped into 21-mer siRNAs by endogenous RNaseIII and the resulting ectopic siRNA forms a complex with the coexpressed p19 (see Fig. 3C ). This complex can escape from endogenous RNase-induced degradation and accumulate in cells. The siRNA-p19 complex was easily purified using a nickelaffinity column and the His-tag of p19A, and the siRNA was eluted with a sodium dodecyl sulfate solution.
The in vivo RNA expression methodologies described above can be applied to the extracellular expression system using our Rdv. sulfidophilum; however, there is room for improvement because the systems mentioned above are optimized for E. coli expression. We developed a T7 promoter system for Rdv. sulfidophilum; however, this system did not function well (N. Nagao, S. Umekage, Y. Kikuchi, unpublished observations) despite the detection of T7 RNA polymerase expression in Rdv. sulfidophilum. Since Rdv. sulfidophilum is a marine bacterium, the internal salt concentration may not be suitable for T7 RNA polymerase activity. For higher expression using Rdv. sulfidophilum, a stronger promoter system, such as the marine cyanophage syn5 promoter system, is expected to be more successful (Zhu et al. 2013; Zhu, Tabor and Richardson 2014) .
CONCLUSION
In this review we describe the production of extracellular nucleic acids by the phototrophic marine bacterium Rdv. sulfidophilum. Recent studies revealed that Rdv. sulfidophilum also produces a GTA-like particle. In Rba. capsulatus, it has been reported that GTA is released from the cell by cell lysis. Therefore, it is possible that extracellular nucleic acid production by Rdv. sulfidophilum can occur by cell lysis, which may be part of the production process of the GTA-like particle. Using these properties, Rdv. sulfidophilum can be used for the extracellular production of artificial RNAs as the host organism. Recombinant RNAs are expected to be potential therapeutic medicines for obstinate diseases. Currently, the method for the production of recombinant RNAs using E. coli seems to be efficient on yield value, but the method using Rdv. sulfidophilum may become more useful to industrially obtain recombinant RNAs in large quantities in the future.
